Abstract: New strategies for the syntheses of the pumiliotoxin (PTX) A dendrobatid alkaloids have been developed which are based on palladium-catalyzed carbonylation, palladium-catalyzed cross-coupling reaction, and nickel-chromium-mediated cyclization. Application of these methodologies to the asymmetric total syntheses of (-)-PTX 209F, (-)-PTX 225F, (+)-PTX A, (+)-allo-PTX 267A, (+)-allo-PTX 339A, and (+)-homo-PTX 223G is described.
Introduction
Neotropical poison-dart frogs of the Dendrobatidae family have been a rich source of a remarkable variety of alkaloids with structurally unique features and biological significance (ref. 1) . During the past 30 years, more than 400 alkaloids of over 20 structural classes have been detected (ref. 1 c) in skin extracts from Dendrobatidae and hence are referred to as "dendrobatid alkaloids". The pumiliotoxin A alkaloids, one of the major classes of the dendrobatid alkaloids, are a group of more than 40 alkaloids characterized by the 6-alkylidene-8-hydroxy-8-methylindolizidine ring system, which have cardiotonic and myotonic activity apparently enhancing sodium channel function (ref. 1b). They have been divided into the three subclasses, the pumiliotoxins (1), the allopumiliotoxins (2) , and the Pumiliotoxins (1) Allopumiliotoxins (2) Homopumiliotoxins (3) (4)
(8) 
homopumiliotoxins (3) which are pumiliotoxin homologues in which the indolizidine moiety of pumiliotoxins is replaced with a quinolizidine ring ( Figure 1 ). Around the late 1980s, an international treaty to protect endangered species was enacted (ref.
2) that has prevented the collecting of the Dendrobatid frogs whose habitat is Central and South America. In this respect, the inability of natural sources to provide sufficient material for detailed pharmacological evaluation makes the synthesis of the pumiliotoxin A alkaloids an important and urgent goal (ref.
3). For several years, research efforts in our laboratory have been directed toward the development of new synthetic methods and strategies for the total syntheses of the pumiliotoxin A family of alkaloids. The purpose of this article is to review some of our achievements in the total syntheses of the pumiliotoxin A dendrobatid alkaloids including pumiliotoxins (1), allopumiliotoxins (2) , and homopumiliotoxins (3).
Syntheses of Pumiliotoxin and Homopumiliotoxin Alkaloids via Pd-Catalyzed Carbonylation
In all pumiliotoxin A dendrobatid alkaloids, a common characteristic structural feature is the presence of the (Z)-alkylidene side chain at C-6 of the indolizidine nucleus (or C-3 of the quinolizidine nucleus for the homopumiliotoxins). Control of the alkylidene geometry constitutes an important synthetic challenge in total synthesis of structurally complex natural products (ref. 4). The selective generation of E-and Z-exocyclic olefins has traditionally been attained via n-bond construction employing Wittig-type reaction or aldol condensation, however, these methods have been less than satisfactory. In this regard, stereodefined generation of exocyclic olefins is a fundamental requirement for achieving the synthesis of the pumiliotoxin A class of alkaloids.
2.1 Synthetic Strategy. Our strategy for the total synthesis of the pumiliotoxin A alkaloids capitalized on the palladium-catalyzed approach involving carbonylation of vinyl halides initially investigated by Heck (ref. 5), which leads to carboalkoxylation and carboamidation in the presence of alcohols and primary or secondary amines, respectively. An intramolecular version of this catalytic carbonylation can lead to a useful synthetic design and construction of heterocycles incorporating exocyclic alkenes as presented in eq 1. Clearly, the first step of this approach is oxidative addition of the (Z)-vinyl halide 16 to a Pd(0) species, followed by CO insertion to form an acylpalladium(II) complex 18. Either Pd(PPh3)4 or PdX2(PPh3)2 (X = Cl, OAc) can be used as the catalyst for these processes, the Pd(II) species being reduced readily to a Pd(0) species by carbon monoxide under the reaction conditions. Although mechanistic details are not clear, the last step involving the lactonization (Y 0) or lactamization (Y = NR) gives rise to 19 After deprotection of the Boc group, the amino alcohol 35 was subjected to the palladiumcatalyzed carbonylation under the same conditions as used for the amino alcohol 27 and thereby , in contrast to the cyclization of 27, lactonization occurred in preference to lactamization, leading to a 2.5:1 mixture of the lactone 36 and the lactam 37 in a 40% combined yield. Upon treatment with trimethylaluminum, the major product lactone 36 could be transformed into the desired lactam 37 albeit as an 8.6:1 DE mixture and in a low yield (39%). Reduction of 37 with LiA1H4-A1C13 furnished (+)-homopumiliotoxin 223G (13) in 45% yield. However, this sequence starting from the vinyl iodide 35 proved to be unsatisfactory, providing (+)-homopumiliotoxin 2230 in a low overall yield (9%). In order to solve this problem of the preferential formation of the undesired lactone 36, we examined an alternative approach involving selective lactonization using the N-protected vinyl iodide 34. Upon the Scheme 2 984 ( 92 ) palladium-catalyzed carbonylation, 34 was smoothly cyclized to the lactone 38 in 99% yield, which was converted to the diol 39 via deprotection followed by DIBALH reduction . Intramolecular dehydrocyclization of 39 was performed with carbon tetrabromide and triphenylphosphine according to our previously described procedure (ref. 14) to afford (+)-homopumiliotoxin 223G (13) , providing a remarkable improvement in the overall yield (63%) from 34 . The synthetic sample of 13 was shown, by spectral comparisons, to be identical with natural homopumiliotoxin 223G (ref . Radical hydrostannylation of 45 using triethylborane and triphenyltin hydride proceeded with complete trans selectivity to give the (Z)-3'-stannyl alkene (60%) along with the (Z)-4'-stannyl regioisomer (28%), and the former stannyl product was converted via iododestannylation followed by deprotection to afford the vinyl iodide 46 with retention of the Z configuration. Palladium-catalyzed carbonylation of 46 smoothly occurred to furnish the lactone 47 in 97% yield . Deprotection of 47 followed by DIBAL reduction gave the diol 48 , which underwent smooth intramolecular cyclodehydration (CBr4, Ph3P) to form the (Z)-alkylideneindolizidine 49. Subsequent removal of the silyl protecting group resulted in the first total synthesis of (-)-pumiliotoxin 225F (5) . The synthetic material displayed spectral properties that matched those of the natural product (ref. 
indicated our synthetic product to be enantiomerically pure. This discrepancy may possibly be explained by the contamination with a small amount of a highly optically active impurity in the natural sample. Since the common structural motif shared by all members of the pumiliotoxin alkaloids (1) is the presence of the (Z)-alkylideneindolizidine component, the strategic disconnection of the pumiliotoxin alkaloids at the C-12-C-13 bond of the alkylidene appendage (indicated by the wavy line in eq 2) should be most appropriate for the efficient and flexible synthesis of the pumiliotoxin alkaloids. This bond would be formed by cross-coupling reaction between a metal derivative 50 of the (Z)-alkylideneindolizidine segment and an alkyl or vinyl halide 51 . The former segment can be utilized as a common pivotal precursor for the synthesis of the pumiliotoxins (1) and was expected to be readily attainable from the above-described compound 49, a synthetic precursor of pumiliotoxin 225F (5) . We felt that this convergent route would yield a conceptually simple and potentially more general approach to the alkaloids of the pumiliotoxin family (1).
Total Synthesis of (+)-Pumiliotoxin
A. The side chain fragment produced by disconnection at C-12-C-13 of (+)-pumiliotoxin A (7) was prepared starting from (R)-glycidol (52) in 33% overall yield (Scheme 5). The key step in the formation of the vinyl iodide (E)-55 (separated from an 89:11 EIZ mixture), necessary for coupling with the organometallic compound 50 , was CrC12-mediated stereoselective construction of alkenyl halides with one-carbon homologation (ref . 19) . The (Z)-alkylideneindolizidine metal species (50 in eq 2) was next prepared from 49 , which was silylated to give 56 with the tertiary and primary alcohols protected with the TBDMS and TBDPS groups, respectively.
The selective deprotection of the primary TBDPS ether was effected using tris(dimethylamino)sulfonium difluorotrimethylsilicate (TAS-F) (1.5 equiv) according to Roush's procedure (ref. 20) and provided the primary alcohol, which was then converted to the iodide 57 (12, PPh3, imidazole).
The stage was then set for the critical cross-coupling reaction with the chiral vinyl iodide (E)-55 for the synthesis of pumiliotoxin A (7). One potential problem associated with the transition metalcatalyzed homoallyl-alkenyl coupling would be the tendency of the homoallylic compounds to undergo 13-elimination. This problem was overcome by Negishi (ref. 21 ) who adapted homoallylic organozincs to palladium-catalyzed cross-coupling with alkenyl halides to effect the construction of 1 ,5-dienes. In view of these results, we explored the use of the organozinc for the cross-coupling reaction (ref . 22 We initially targeted the enantioselective approach to the synthesis of (+)-allopumiliotoxin 267A (10) utilizing the intramolecular chromium-mediated cyclization based on the Nozaki-Kishi reaction. To this end, our efforts were directed toward the preparation of the cyclization substrate, which could be disconnected to give the pyrrolidine and side chain fragments.
The required pyrrolidine unit 65 was prepared from the trifluoroacetate salt (20) of (S)-2-acetylpyrrolidine as outlined in Scheme 7. Thus, 20 was treated with 2-lithio-1,3-dithiane to produce the tertiary alcohol 63 as a single diastereomer with generation of the desired chirality according to Cram's cyclic model 62. After acetal exchange (Hg(C1O4)2, MeOH) and N-protection by the cyanomethyl group, O-benzylation of the tertiary alcohol (BnBr, KH) followed by deblocking of the cyanomethyl group (AgNO3) was carried out to form the pyrrolidine fragment 65.
( 96 )
We next turned our attention to elaboration of the alkenyl iodide side chain fragment 73 as shown in Scheme 8. Asymmetric epoxidation of 2-hexenol (66) using diethyl L-tartrate gave the epoxide 67, which was converted to (S)-1-heptyn-3-ol (68) under the conditions developed in Takano's laboratory (ref. 27) . Following Overman's method (ref. 28) , the heptynol 68 was converted to the (R) -alky ne 70, which underwent hydroxymethylation with BuLi and paraformaldehyde to afford the propargyl alcohol 71. Stereospecific construction of the E geometry was successfully achieved by applying palladium-catalyzed syn hydrostannylation to 71, affording regioselectively the 2-stannyl adduct 72. The anticipated E regiochemistry of 72 was verified by the small coupling constant (34 .9 Hz) between Sn-2 and H-3. Subsequent iododestannylation with iodine followed by bromination (CBr4 and PPh3) yielded the vinyl iodide 73 with complete retention of the E geometry. The extremely high degree of diastereoselectivity in this process can be explained by a chair-like transition state (eq 4). Cyclization conformer 78 is destabilized by allylic 1,3-strain between the quasi equatorial chromium alkoxide and the alkene and, more importantly, by steric hindrance and electrostatic repulsion between the benzyloxy and the chromium alkoxide group bearing a partial negative charge. Neither of these interactions exists in the preferred transition structure 77. 4.3 Total Synthesis of (+)-Allopumiliotoxin 339A. We further investigated extension of the above strategy to the preparation of allopumiliotoxin 339A (11) . Toward this end, the sequence began with the elaboration of the alkenyl iodide side chain fraction 86 as depicted in Scheme 10. Thus, the methyl ketone 79 was transformed into the allyl bromide 80 in a straightforward manner involving Horner-Emmons condensation.
Evans alkylation of the (S)-oxazolidinone derivative 81 with 80 provided 82 with virtually complete diastereoselection.
After reductive removal of the oxazolidinone auxiliary on 82 (LiA1H4) followed by Swern oxidation, the resulting aldehyde 83 was converted to the propargyl alcohol 84. In a manner similar to that described above for the preparation of 73, 84 was converted to the (E)-vinyl iodide 86 in three steps in stereospecific and highly regioselective manners.
N-Allylation of the pyrrolidine 87, available in 5 steps from the pyrrolidine fraction 65 used for the synthesis of (+)-allopumiliotoxin 267A (10), with the allyl bromide 86 afforded 88, which was converted to the (E)-iodoalkenyl aldehyde 89 (Scheme 11). On treatment of 89 with Ni(II) and Cr(II), intramolecular coupling proceeded with virtually complete stereoselection to give 90, whereby the indolizidine framework with the (E)-alkylidene side chain and the C-7 hydroxy group with the correct stereochemistry could be assembled in a single operation.
The same stereochemical argument as described for the chair-like transition state 77 should hold for this process.
Cleavage of the isopropylidene group and subsequent reductive cleavage of the benzyl group provided (+)-allopumiliotoxin 339A (11) in 71% yield. 
